The Environmental scanning electron microscopy (ESEM) has been used in a preliminary study to determine the size and morphology of fine particulate matter (PM). This was done with several samples collected inside public transit buses fueled with a 20 percent biodiesel blend of biodiesel and ultra-low sulfur diesel (B20). As the technique is nondestructive, particles of interest can be relocated for further analysis. The practical issue of instrumentation compatibility is addressed. In addition, results showing SEM chemical images from several PM of particle size less than 10 m (PM 10 ) samples are reported. Shape analysis suggested the possible sources. Particle size distribution suggested a median and mean diameter of particles counted was 0.24±0.02 m and 0.27±0.04 m, respectively. The conclusion is that SEM methodology is a valuable tool for studying the distribution of particulate pollutants.
INTRODUCTION
In the past few decades, the significance of aerosols has been stressed many times. Many studies have looked at their influence on climate change through their contribution to radiative forcing [1] . It is well-known that aerosols directly affect climate through changes in the optical depth [2] . The morphology of atmospheric particles received significant importance in recent years due to the effect of the particles' shape on their radiative properties. Wang et al. [3] and Kalashnikova and Sokolik [4] , for example, studied the role of the non-spherical shape of dust particles on their optical properties. The importance of the particles' shape affects the retrievals of aerosol optical properties from both satellite and ground-based remote sensing observations. Atmospheric particle size distribution controls the rate of dry deposition (which determines the long-range transport of aerosols). Thus, the classification based on the aerosols' morphological characteristics-which is closely related to particle size-will give a better qualitative description of the atmospheric particles. The present analysis approach uses a similar particle size-and-shape technique which follows previous studies of aerosol particle properties [5] .
There is evidence that exposure to PM from combustion sources, like traffic, impacts human health more severely than other PM [6] [7] [8] [9] [10] . This implies that the health effects associated with PM would relate best to anthropogenic emission sources [11, 12] . Pollutants are hazardous when released indoors because of the proximity of people and larger exposure time. Therefore, a bit of pollution released indoors is far more likely to reach a person's lungs than if released outdoors [13] . The estimates indicate that as many as 18 ,000 different combustion products may be adsorbed onto diesel *Address correspondence to this author at the Civil Engineering Department, The University of Toledo, Toledo, Ohio 43606, USA; Tel: 419-530-8136; Fax: 419-530-8116; E-mail: akumar@utoledo.edu particulates; therefore, the same can be assumed for biodiesel blends [14, 15] . The toxicity of biodiesel exhaust has not been explored in detail. The sanitary limits, which encourage effective measures against prevailing health hazards, should be determined to permit the use of current engines.
In July 1997, the United States Environmental Protection Agency (US EPA) promulgated National Ambient Air Quality Standards (NAAQS) for fine PM [16] . The new standard is aimed at regulating ambient concentrations of PM 10 and PM 2.5 (particles with aerodynamic diameter < 10μm and < 2.5μm, respectively). PM 10 comprises a broad range of primary and secondary particles dispersed throughout the atmosphere from a variety of sources. PM 10 characteristics must be better understood to establish the relationship between anthropogenic emission sources and the indoor PM 10 concentrations of public transport buses, a priority of the National Research Council [17] .
Exposure to vehicular exhaust occurs within many different occupational groups, contributing to environmental air pollution. The concentration of different components in vehicular exhaust can vary depending on the composition of the propellant, contents of the motor oil, engineering of the motor, working temperature, load, and degree of wear, fuel supply, and condition of the motor [8, 18] . Studies have shown that the use of biodiesel blends does not have a significant effect on the mass of PM emission, although the physical and chemical properties of the PM are expected to change [19] . It is difficult to measure exhaust PM with simple air monitoring devices. It derives the need of major efforts to characterize the biodiesel exhaust emission in terms of PM. As such, understanding the physical and chemical characteristics of PM 10 is needed to establish the relationship between public transport vehicle emission sources and indoor PM 10 concentrations. In this way, the classification is based on the aerosols' morphological characteristics, which may lead to a better qualitative description of the suspended particles.
These studies, coupled with the new NAAQS, have generated more interest in analytical techniques capable of measuring the size and morphology of individual aerosol particles. Several manufacturers and research organizations study refinements in biodiesel and aerosol technology. The SEM/EDS technique was developed in the late 1970s and early 1980s [20] [21] [22] . Numerous applications of SEM to environmental studies, aerosol characterization, and source apportionment have since been reported in the literature [15, [23] [24] [25] [26] . Photomicrographs of individual particles can be obtained to present particle morphology data. Statistical methods or user-defined classification rules are used to sort particles into distinct particle classes to aid in source identification based on physical characteristics. Physical characterization of single particles can reveal source information, something that bulk chemical characterization, such as atomic absorption spectroscopy or x-ray fluorescence, can not reveal [25] . Physical characterization is therefore complementary to bulk elemental analysis techniques.
Moreover, SEM/EDS [27] technique uses electrons to provide magnified images, better feature resolution, wider range of magnification, and a greater depth-of-field than is available with the conventional light microscope [15] . The interaction of the electron beam and the sample produces different effects that should be monitored with suitable detectors. The resulting signals include secondary and backscattered electrons for imaging and characteristic x-rays, which are used to determine elemental composition. The secondary, backscattered, and x-ray signals can be collected in synchronization with the position of the electron beam to provide the highly detailed spatial and compositional information of microscopic features. The spatial resolving power of the SEM technique is comparable on the submicron level, making it well-suited for PM 10 analysis. Individual particle data offers the potential to more specifically identify and quantify PM 10 sources that contribute to indoor or ambient air quality.
Previous studies focused on diesel exhaust emission and the use of multiple analytical techniques to assist in the characterization of PM 10 . This was done to gain a better understanding of the relationship between anthropogenic emission sources and natural PM 10 . Turrio-Baldassari et al. [28] reported the particle characteristics of biodiesel exhaust, but many studies described diesel particulates [15, 25, 26] .
Solid particle phases are formed in diesel engines as a result of incomplete combustion in fuel-rich zones of the diffusion-controlled spray combustion. Patschull and Roth [29] reported particle charge and size distribution on diluted diesel exhaust obtained under different engine operation conditions using electrical mobility measurements. The particle number distribution measurements were carried out by a differential mobility particle size in a size range of 10-1000 nm. Ensuring that the particles were spherical in shape proved to be a major limitation for the particle based studies. The calculation of the total mass concentration from the number distribution was also a major limitation in the previous studies [15] .
Carpenter and Johnson [30] used transmission electron microscope (TEM) techniques to characterize the diesel PM. They described 24 samples from a diesel motor that runs according to a special running program, with respect to particle size, distribution, and appearance. The diluted diesel exhaust contained liquid hydrocarbons adsorbed on the solid particles. Contrary to expectations, size distribution did not differ between diluted and undiluted exhaust gases.
The study objective is to investigate SEM prospects to determine biodiesel fumes from indoor public bus environments, where the aerosol consists of both biodiesel fumes and dust particles from other pollutant sources. The paper presents characteristics of indoor particulates collected from the sampling in 2006-2008. Moreover, it discusses the application of electron microscopy in environmental studies for individual particle analysis using ESEM. First, results showing the SEM images from the indoor PM 10 samples of a public bus fueled by biodiesel are reported. Second, the size and shape of the major particulate species are evaluated in the indoor environment of biodiesel buses running in Toledo, Ohio.
METHODOLOGY
Toledo Area Regional Transit Authority (TARTA) has over 40 routes in and around the Toledo metropolitan area, with an annual passenger mileage of approximately 22 million [31] . 180 buses run continuously, contributing to a significant percentage of the region's total particulate emissions. The particulate matter sample was collected inside the urban transit bus numbered 506, which was operated by TARTA, in the City of Toledo, on route number 20, as shown in Fig. (1) . were collected for the period of an ordinary day's condition inside an HVAC-equipped biodiesel-fueled bus. All the above samplings were conducted in a homogeneous environment inside the bus, and the sampling was continuous (except for six breaks) using the same filter. The samples were transported to the lab in a glass container supplied by SKC Inc. To avoid any contamination, filters were handled using gloves throughout the experiment. The samples were stored in a deep freezer before performing any analysis.
SEM Analysis
ESEM is used to analyze air particles. Since the technique is nondestructive, particles of interest can be relocated as needed. The environmental SEM micrograph permits the localization and analysis of individual particles in a large sample area without any coating treatment. Therefore, individual particle analysis was undertaken for morphology using ESEM. This analysis was carried out by using ESEM coupled with an automatic computer imaging system (having resolution ~10 nm).
The whole filter paper was mounted on a smooth Cualloy stub for the SEM (scanning electron microscope) analysis. The instrument used was a SEM (Quanta 200 3D, FEI/Phillips, Germany) to obtain the morphology, size, and shape of individual particles. During the SEM detection, on each sample, around 100 particles were scanned and observed. The analytical settings for the automated particle analysis by ESEM used are listed below in Table 1 . 
Particle Size and Shape Detection
The particle size, morphology, and shape were included in the analysis. The particle size and shape analyzer (Particle Analysis Tab, Genesis Software, US) was used. Roughly 500 to 1,000 particles need to be characterized to get a representative sample [32] , depending on the sample complexity and the overall research objectives. 35,377 particles were analyzed using automated x-ray and morphology data from discreet grayscale features. The filters were made ready for an electron microscopic investigation. For bus sample analyses, an ESEM with an image analyzer was used in the Electron Micro-beam Analysis Laboratory (University of Michigan, Ann Arbor, Michigan). A full filter paper was mounted on a bulk sample holder with silver adhesive. About 20 visual fields evenly distributed over the sample were analyzed at a 2000x magnification. The images from the ESEM were transmitted directly to an image analyzer, which measures the individual particles' diameter (D) and area. Interactive automatic measurement carried out the ESEM analysis. The threshold is defined as the brightness (grayscale) value in the digital imaging system selected by the operator to distinguish between particles and the filter background. The thresholds for particle detection and measurement are selected in such a manner to acquire data for as many features as possible. The threshold was self-correcting to report for the slight variation in image brightness from one analysis field to another one. It was made sure that the particles had a grayscale contrast from the background and were reasonably well-separated from each other. In order to avoid any edge effects, charging, and variable background intensity, the analysis was conducted in an environmental mode. The image collected in environmental mode showed better contrast between particles and background, and gray level thresholds were calibrated for consistency and reproducibility. The resolution was chosen based on the size of the particles and the magnification used for the analysis.
Line charts showing the distributions were drawn with the total area and volume for each class calculated. The counting and size distribution analysis was carried out on randomly selected observation fields. All particles within a field of view were counted with their diameter and area measured with the help of Genesis Software in real time with EDX. Tightly bound agglomerates were counted as single particles, while particle volumes were calculated from the area measurements by assuming the diameter as thickness. Secondary electron images were obtained for every particle and analysis field. The magnification for the single particle images was adjusted based on particle size. Since, PM 10 characterization will require more detailed quantification, signal strength and particle volume are directly proportional to each other. Therefore, longer integration time is needed to analyze PM 10 .
RESULTS AND DISCUSSION
The analysis was based on 150 images, with most particles within the smallest size range (between 0.07 and 0.7μm). Observed particles consisted of three dominant morphological types: large aggregates or clusters of spherules each approximately 60 nm in diameter; chains of spherules; and individual spherules. Our results agree with previous studies [33] . Transmission electron microscopy shows that diesel particles were mostly clusters of sub-micrometer spherical particles ranging from 7 to 120 nm. Shi et al. [33] concluded that the differences between the studies reflected the differences in engine technology and fuel quality. The similar three morphological classes and irregular shapes were examined for B20 particles. For larger particles, the number concentration was less, and only a small number of particles with diameters greater than 4.5μm were found. Some micrographs of seven PM samples obtained by the ESEM method are shown in Fig. (2) . All measurements were completed using these types of images.
Different particle morphologies found in the indoor air samples can be seen in the micrographs given in Fig. (2) . All the sample types were found to have a large variety of parti- Fig. (2) . Scanning electron micrographs showing different particles.
cles. By examining the species microstructure, it can be concluded that regular spherical symmetries were the prevailing structures and that these probably reflected the original shapes of the biodiesel particles inside the exhaust. Most of the images actually show the surface image of the particle. The particles differed in both morphology and size, and were in single and clustered forms. All the indoor air samples differed from each other with respect to the amount of crystalline and amorphous character that represent primarily mineral dust and biodiesel exhaust origin. Different categories of particle clusters observed in the present study can be described as needles with an uneven surface and several branches growing from the 'parent' needle (Fig. 2 H) . They can also be described as needles (smooth surface) that are either curled (Fig. 2 B, O, S) or straight with branches ( Fig.  2 H, P, V) , with a specific orientation relative to the parent needle. Many particles had rough surfaces (Fig. 2 D, E, I ).
The particles from crust origin were also present characterized by their crystalline shapes (Fig. 2 Q, X) , which are described many times in the literature as glass-like structures.
Due to the depth of focus in the ESEM images, it is difficult to decide whether the parent needle and its branches are lying in, or coming out, of a plane normal to the incident electron beam. The apparent angle between a branch and its parent needle depends on their orientation relative to the plane, and may be either under-or over-estimated. The correct estimation can be achieved by tilting the sample around the ESEM axes. For a better image, both the needle and the branch have to obtain their maximum length parallel to the image plane. By following this procedure in the SEM, it was found that the branches grow with several random angles relative to the needle (Fig. 2 H, V) .
The projections shown in Fig. 2 (A, B, C, D, E, F, G, I , L, M, O, P, Q, S, T, V) are commonly seen when a single particle lies flat in the specimen holder, untilted in the SEM. The amorphous particles are suspected to mainly consist of carbon (Fig. D, E, I , J, K, Y). In contrast to the straight needles, the curled particles show no clear growth directions, but it can be argued that the particles can grow in random directions when they agglomerate. Fig. 2 (H, P, R, V) are the examples of particles that have grown-in zigzag, but are still similar to the straight particle needles. Investigation performed on the samples using SEM evidenced the presence of solid spherical particles with typical dimensions ranging between 200 nm and 2-3 m. Acquired images will play a key role in the development of rules for particle classification. One important deficiency of the SEM characterization is the inability to explore the three-dimensional morphology of the particles and, therefore, assume that the investigated particles on the substrates are hemispherical.
Manual examinations indicate that the selected samples had adequately spaced particles, which were considered for determining particle size distribution. For each sample, more than 1,500 particles on several areas were measured. After compilation in a spreadsheet, the size data (diameter) were categorized and expressed as percentage totals. The total area and volume distribution for each class was calculated. The greater proportion of all particles was found to be in the sub 0.5 m diameter category. 35,647 particles from seven different samples were calculated. The median and mean diameters were 0.24±0.02 m and 0.27±0.04 m, respectively.
The size distributions of the particulate are presented in this paper. The overall results summarized in line charts (Figs. 3 (a-c)) show the size distributions and the relative frequency of particle distributions in different size ranges (classes).
As established by many authors [22] , the SEM method of analysis provides an intuitive way to identify a particular matter by its outlook. Fig. 3 (a and b) demonstrates both the possibilities and limitations of the SEM methodology for airborne particulate analysis originating from biodiesel exhaust. The airborne biodiesel particles are extremely small and occur either individually or in aggregation with the simultaneous presence of other diesel and dust particles. The particulates are composed of individual primary particles forming irregularly shaped chain-like agglomerations, as illustrated in Fig. 2 (I) . If one determines particle area in classes using individual particle diameter, it appears that the aerosol consists of two modes: partly of a particle group with diameter< 0.8 m, and partly of a group with diameter > 1.0 m. The diameter range 0.8-1.0 m should be regarded as an interval with overlapping, as shown in Fig. (3) . When calculating volume and then mass, biodiesel particles are found to constitute only a small share of the total dust weight. Although the conversion of volume to mass assumes particles as sphere, it strongly supports the above observation.
No diameter particle greater than 10 μm was found in the samples. Thus it suggests that the GRIMM sampler used works properly with a cutoff diameter of 10 μm. The present study found a bi-modal distribution. The aerosol consists of the dust fraction (1.0 μm) and the biodiesel exhaust or secondary fraction (0.8 μm). The distinction of the size distribution inside the biodiesel fueled bus in two modules implies that one could define the size ranges important to exposure levels. Therefore, the size ranges below 1.0 μm in diameter should be regulated. This does not mean that biodiesel exhaust agglomerates with a size greater than 1.0 μm do not occur, but in the final particle concentration values, the effect will be minimal in characterization of biodiesel exhaust exposure levels. However, a certain standardization of the methodology is necessary. This includes the study of sampling time duration, analysis magnification, and sample load on the filters.
Biodiesel fume particles are extremely small. Some 95 percent of the particles are less than 0.3 μm. This means that direct display instruments do not function particularly well when sampling biodiesel fumes, and that the impact on the total mass from the small particles is extremely limited when comparing particles from other pollution sources. The gravimetric method should not, therefore, be recommended if one wants to understand or regulate occupational exposure for biodiesel exhaust. One should consider the number of particles rather than the mass concentration.
The crystalline nature of the particle's morphology suggests that it may have formed during post sampling from interaction with atmospheric gases, such as sulfur oxides and ammonia. SEM for the PM characterization requires an anal- Fig. (3) . Variations of (a) number distribution, (b) surface area distribution, and (c) volume with particle diameter. Volume % ysis of complex mixtures of fine PM. Among the PM 10 is a relatively large agglomeration of fine particulate with chainlike morphology believed to consist of long chain hydrocarbons, perhaps from diesel emissions.
CONCLUSION
The paper summarizes the study results that will provide a basis for consideration of strategies to deal with the methodology for airborne biodiesel exhaust analysis in SEM. The study attempts to assess the opportunities and obstacles inherent in the methodology. The analysis method is sensitive to the amount of samples collected, and the sampling time determines the total PM collected on the filter. Therefore, standardization of sampling time is an important issue for future study.
One important deficiency of the SEM characterization is the inability to explore the three-dimensional morphology of the particles. By presenting a methodology and results dealing with indoor aerosols in public buses, the results of this study address the lack of published data on actual indoor aerosols by providing data on the particle characterization of extremely complex indoor aerosol in public buses. The need for more background data on aerosol characteristics, in particular the submicron aerosol, will lead the scientific community to expand and use the methods developed in this study to conduct further research into the nature of indoor and outdoor aerosols. The ESEM was used to characterize the morphology and microstructure of individual carbonaceous particles generated from diesel fuel. Such information, along with that obtained from other techniques, should be useful for evaluating the environmental and health impacts of carbonaceous particles produced by biodiesel combustion. Acquired images play a key role in the development of rules for particle classification.
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